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INTRODUCTION 
Various NDE methods and techniques have recently been developed to 
characterize adhesive bonds. These techniques simply detect voids. 
However, information about the presence of voids does not necessarily 
reflect the strength of the joints [1]. Moreover, it has been shown by 
Schonhorn [2] that the static failure load of joints is not largely 
affected by the size of a defect. Although this may be true for 
monotonic loading, it may not be the case under fatigue loading which is 
more representative of the in-service conditions. Under fatigue 
loading, inherent voids, cracks etc. can coalesce and form a 
considerably larger flaw which will eventually consume a very large 
portion of the bonded area. Fatigue failures account for a large number 
of in-service material failures of joints. Therefore, it is important to 
relate the size and number of defects detected by NDE methods to a 
quantity such as fatigue lifetime; this is the focus of the present 
work. 
A number of fatigue studies are reported in the literature, using 
various joint geometries and loadings to evaluate adhesive joints. The 
single-lap joint loaded in tension (ASTM D3166-73) has been used for 
convenience to assess the fatigue strength of adhesive joints, for 
example [3]. In spite of its simplicity, the single-lap joint carries 
some limitations due to the eccentricity of the loading lines and the 
differential straining of the substrates. Moreover, it does not 
represent the actual fatigue value of debonding [4]. It is also 
important to point out that in some toughened epoxy adhesive joints, the 
effect of frequency of cycling is vital to the lifetime of the 
single-lap joints employed to test adhesives under dynamic fatigue 
loading [5]. In low frequency tests the adhesive has time to creep, 
causing permanent deformations within the adhesive, where as in high 
frequency tests the stresses are removed before creep occurs. Although 
this problem can be overcome with proper joint design, it should be 
taken into account when designing a testing program. Researchers such 
as [6-8] have used various thick adherent shear-test specimens to 
overcome the limitations of the single-lap shear joints. Some of these 
geometries were employed [9-11] to study the rate of crack growth in 
adhesive bonds. This is beyond the scope of this phase of the current 
investigation. 
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In the present study, damage by flexural fatigue aging of 
fabricated adhesive bonded specimens is induced to different intervals 
of their fatigue lifetime. These research specimens are similar to 
those used in actual aircraft production in the 1970's, however in this 
initial study rivets have not been included. NDE (ultrasonic and thermal 
wave) inspection is performed in an attempt to correlate the NDE 
parameters with fatigue lifetime of the adhesively bonded specimens. The 
specimen geometry is a modification of the double cantilever beam to 
permit slow c1eava~e type debonding. Moreover, this geometry and loading 
configuration prov~des a simple testing program, with very simple 
analytical methods to determine the energy release rate at the tip of 
the debonded surfaces. 
EXPERIMENTAL 
Adhesive Joint Preparation 
Multiple identical laboratory specimens were fabricated from 1 mm 
thick aluminum skin grade 2024-T3. The aluminum skins were sheared to 
the dimensions of about 132 mm long by 71 mm wide. The substrates were 
chemically treated in agreement with ASTM D2651, Method G. A thin (2-3 
~m) coat of adhesive primer, 3M EC 3960, was then applied to the mating 
surfaces of each pair of substrates which were to be joined together. 
Then, a thin layer of Hyso1 EA 913 NA-L3 adhesive, mixed with a minute 
amount of glass beads of approximately 150 ~m radius, was applied to 
one mating surface. The purpose of mixing the glass beads with the 
adhesive was to provide a uniform adhesive thickness over the entire 
bonded area. The total thickness of the primer coats and the adhesive 
was about 0.16 mm. The bonded area was 71 mm wide X 66 mm overlap; this 
area was chosen to correspond to the spacing of three rows of rivets. 
The substrates were pressed together and cured at room temperature for 
more than 2 days. After the lap splices were made, the exterior surface 
was painted with a green primer. The specimens were ultrasonically 
scanned to check the quality of the bond. The image obtained from the 
initial scan was also used as a reference for the scans generated after 
the fatigue tests. The single thickness portion of one side of the lap 
splice was then cut off using a low speed diamond wheel to form the 
flexural fatigue test specimen shown in Figure 1. This specimen geometry 
coupled with the loading configuration chosen for this work allows for a 
"cleavage like" adhesive failure. 
Flexural Fatigue Experiments 
Four specimens of geometry and loading configuration described 
above were fatigue tested under a constant load-point displacement. This 
simple test method allows for slow debond propagation which can be 
easily monitored in terms of the number of repetitive stress or strain 
applications. This specimen can be modeled as a partially built-in 
cantilever beam which is partially supported on an elastic foundation, 
similar to the specimen geometry in [12-13]. The specimens were cycled 
between ±7 mm load point displacement; at a mean displacement of zero, 
as shown in Figure 1. The frequency of the fatigue cycles was kept 
constant at 30 Hz. One of the four specimens was fatigued until almost 
complete separation was achieved to determine a representative fatigue 
lifetime of the joints. The remaining three specimens were then fatigue 
cycled to various percents of the fatigue lifetime. The specimens were 
examined using ultrasonic and thermal wave imaging methods to evaluate 
the magnitude and shape of the debonded area at each percent fatigue 
lifetime. The two sides of the specimen were viewed using a movable 
microscope during the tests. 
Ultrasonic Scan Setup and Procedure 
The ultrasonic scans of the fatigue-tested aluminum lap joints 
were conducted in an ultrasonic immersion tank using a data acquisition 
1612 
system controlled by a personal computer. The samples were water proofed 
by taping around the edges before being placed into the immersion tank 
for scanning. Both sides of the samples were scanned. The scans were 
made using a 1" diameter, 2" focal length (in water) transducer with a 
nominal center frequency of 1 MHz. The pulse-echo mode was used with the 
ultrasonic beam normal to the surface of the sample. The top surface of 
the sample was placed at the focal point of the transducer. The focal 
spot size was measured to be 2.Smm (FWHM) in water. The transducer was 
driven by a broad-band spike excitation voltage (about 200 volts) from a 
Panametrics SOS2PR pulser/receiver unit. A step motor controller was 
used to make the usual two-dimensional raster scans, and the received 
signal amplitude was stored in the computer for generating a grey-scale 
or colored C-scan image. 
The amplitude of the entire RF signal was used in making the C-
scans. The scan images were displayed on a Mac IIfx computer using the 
IMAGE software. Contrast enhancement and histogram equalization 
functions of the software were used to obtain greater contrast between 
the bonded and debonded regions. Experience has shown that C-scans at 
low frequencies with wavelength much greater than the layer thicknesses 
have the advantage of being insensitive to the constructive and 
destructive interference fringes caused by minute changes in bond and 
substrate thicknesses. 
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Fig. 1. Specimen geometry and loading configuration. 
Thermal Wave IR Ima&in& Setup 
Thermal wave imaging was performed using Wayne State Box-Car 
Imaging System. The heat source used consists of a battery of up to 
eight 6.4 kJ, 2 ms pulse duration, xenon flash lamps, which are fired 
simultaneously by a signal from a computer. The surface temperature of 
the sample is monitored as a function of time by an infrared video 
camera (Inframetrics model 600), operating in the 8~m to 12~m region of 
the IR. The stream of the analog data coming from the camera is 
digitized in a real-time processor (DataCube or Perceptics), which is 
programmed to carry the box-car gating in real time. In this mode of 
system operation, an image or a series of images is acquired at fixed 
times after the occurrence of the flash. The intention is to capture the 
returning thermal wave echoes from any subsurface defects or adhesive 
debonding when their contrast with the background is near its maximum 
value. 
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In acquiring thermal wave images, the real-time processor is set 
to acquire a time-gated image in a window which includes the peaks of 
the echoes of interest, and also, to acquire a second image in a gated 
window set relatively far out on the tails of the echo curves. This 
second image is used as a reference image and is subtracted from the 
image acquired in the first gate in order to remove some of the 
background artifacts from the combined image. The resulting image may be 
averaged over several flashes to improve the signal-to-noise ratio. 
DISCUSSION OF RESULTS 
Ultrasonic 
The pulse-echo C-scans with a nominal center frequency of 1 MHz 
of the top surface of three specimens fatigued to 200K, 300K and 400K 
cycles respectively are shown in Figure 2. The total number of cycles to 
failure of this type of joint was initially evaluated to be about 460K 
cycles . Therefore, the C- scan images presented in Figure 2 represent 
from right to left 43, 66 and 87 percent of the lifetime of these 
joints. There are mainly two distinct regions in all three C-scan images 
of the specimens. The light shaded area, which is increasing in size 
from right to left, is indicative of defective bonding [15]. At higher 
ultrasonic frequencies (e.g. 15 MHz) where reflected echoes from the 
various interfaces are resolved in time, the amplitude of the bondline 
interface echo usually increases when there is a debond [16]. 
An interesting, yet not fully understood phenomenon, is shown in 
the image of the 400K cycle specimen. In this image the debonded area 
consists of two shades. Microscopic observations of the side of the 
specimen during testing, Figure 3, showed discontinuity in the 
interfacial debonding (cohesive failure) approximately at the point of 
shade transition. This point corresponds to about l30K cycles. As shown 
in Figure 3, the interfacial adhesive failure along the bottom surface 
became cohesive failure, moving the crack from the bottom to the top 
surface and then back down to the bottom surface, resuming the initial 
path of interfacial debonding. This could be attributed to an inherent 
defect in the adhesive. After this event the shade has become less 
intense. A possible explanation is that this event of cohesive failure 
does not allow the two surfaces to be smoothly mated together for 
imaging, but rather creates a larger air gap prior to the point of 
cohesive failure. 
Cycles 400K 300K 200K 
Fig . 2. Pulse echo ultrasonic C-scan images of the top surface of 
three fatigue tested specimens. The lighter shaded area represents the 
defective bond. 
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Fig . 3. Schematic illustration of the interfacial debonding, 
microscopically observed from the sideview during fatigue testing. 
The total light shaded areas, seen from the ultrasonic pulse-echo 
scans have been used as a measure of the debonded area of the adhesive 
joints. These areas have been accurately measured using a planimeter and 
the ratio of the debonded area to the initial adhesive joint area (A/A~) 
was taken as a measure of the ultrasonic pulse echo parameter, i.e. ND~ 
parameter. The relationships between the NDE parameter (A/Ao) and the 
percent fatigue lifetime (N/Nt ) for the top and bottom images are shown 
in Figure 4. Debonding initiated at about 40,000 cycles as 
microscopically observed from the side view of all tested specimens 
during fatigue testing. This corresponds to the first point on the 
curve. The debonded area at initiation is approximated to be lmm by the 
width of the specimen 7lmm. The NDE parameter (A/Ao) is increasing 
rapidly with the percent fatigue lifetime (N/Nt ) up to about 70X (N/N t ). 
After that it increases slowly until it reaches its upper limit. This 
slow increase in (A/Ao) above the 70X lifetime in that particular 
experiment is believed to be due to the constraints imposed by the 
built-in boundary of the specimen. Nevertheless, there is a distinctive 
correlation between the NDE parameters and the percentage lifetime of 
the joints as shown by the smooth relationship in Figure 4. 
The NDE parameter (A/Ao) is almost the same for the bottom surface 
imaging and the top surface imaging over the entire range of (N/Nt ). 
This can provide a direct correlation between the average NDE parameter 
(A/Ao) as obtained from the ultrasonic pulse-echo technique and the 
percent fatigue lifetime of the adhesively bonded airframe skins. 
Thermal Wave Imaging 
The thermal wave images of the same specimens discussed in the 
previous section are shown in Figure 5. Examination of colored images 
revealed a distinct region of higher thermal wave reflection "hot spot" 
in each specimen. This is due to the reflection of the incident thermal 
wave by a thermal discontinuity [17], i.e. hidden interfacial debond. 
As can be seen, the size of the debonded area (region of higher thermal 
wave reflection) is increasing with the percentage fatigue lifetime; 
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Fig. 4. The relationship between the NDE parameter (A/Ae) and the 
percent fatigue lifetime based on ultrasonic top and bottom surface 
imaging. 
from left to right in Figure 5. This is consistent with the ultrasonic 
results . The ratio of the debonded area to the initial adhesive joint 
area (A/Ae) was again taken as the NDE parameter. The relationship 
between (A/Ae) and the percent fatigue lifetime (N/Nt ) is shown in Figure 
6 for the thermal wave imaging results. The average value of (A/Ae) for 
the ultrasonic scanning is also plotted in Figure 6 together with the 
thermal wave imaging relationship. The value of (A/Ae) for the thermal 
Fig. 5. 
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Fig. 6. The relationships between the NDE parameter (AlAe) and the 
percent fatigue lifetime for the average ultrasonic imaging and the 
thermal wave imaging. 
wave imaging is always smaller than that obtained from the ultrasonic at 
the same (N/Nt ). This can be attributed to the fact that a temperature 
gradient must exist between the "hot spot" region (damaged) and the 
bonded (undamaged) region. Therefore, within the transition region the 
exact position of the crack front is difficult to detect and may be 
slightly ahead of where it is measured. This is the most likely 
explanation of the smaller area determined from the thermal wave images 
as compared to one obtained from the ultrasonic images. 
It should also be mentioned that the contour of the debonded area 
"hot spot" appears to be rounded and does not extend to the side edges 
of the specimens, Fi~ure 5. This is due to the interference of the duct 
tape, which was initially applied to seal the edges of the specimen for 
the ultrasonic imaging. Since the intention was to compare both 
techniques, the duct tape was not removed in order not to damage or 
alter the specimens. The duct tape acts as a reflector, and appears as a 
"hot spot" regardless of whether there is a hidden debond below it or 
not. Thus, the area under the duct tape has been kept cooler than the 
"hot spot" (damaged region) and has interfered with the pattern causing 
the rounded contour of the debond line. Nevertheless, the thermal wave 
images do indicate the general evolution of the debonded area with a 
slightly lower value of (A/Ao) when compared with the ultrasonic. 
Also, the two shades observed in the case of the 400K specimen which was 
shown in the ultrasonic images, appears as one region in the thermal 
images. Again this supports the argument made early on that these two 
shades in the ultrasonic images are indeed debonded areas. 
Microscopic Examination 
Microscopic examination of the sideviews of all of the tested 
specimens indicated that the debonding process occurred interfacially 
between the adhesive and the bottom adherent. Even when a cohesive crack 
initiated, probably due to a stress concentration in the adhesive, the 
debonding resumed immediately along the same bottom interface as it 
initiated along. The size of the debond as microscopically measured from 
the side view during the experiment is consistent with the size of the 
area as determined from the pulse-echo ultrasonic C-scan and thermal 
1617 
wave images. Of course the ultrasonic C-scan and thermal wave imaging 
show more details of the hidden debonded front. 
CONCLUSIONS 
A specimen geometry has been developed to produce slow interfacial 
crack propagation in adhesive bonds under flexural fatigue. A low 
frequency pulse-echo ultrasonic C-scan and a thermal wave "box-car" 
technique have been successfully used to detect fatigue induced defects 
in adhesive bonds of this geometry. The quantity (A/Ae), which represents 
the ratio of the fatigue debonded area to the initial bond area, was 
taken as the NDE parameter for both techniques. A successful attempt has 
been made to develop a direct correlation between (A/Ae), obtained from 
pulse-echo ultrasonic C-scan and thermal wave imaging measurements with 
the percent fatigue lifetime. The pulse-echo ultrasonic C-scans made on 
the top and bottom surfaces have both given a consistent measurement of 
the fatigue induced debond with the percentage fatigue lifetime. The 
evaluated NDE parameter (A/AQ) is slightly lower for the thermal wave 
imaging results over the entire range of (N/Nt ). Nevertheless, both 
techniques are capable of detecting the evolution of the debonded area 
and appear to correlate reasonably well with the percentage fatigue 
lifetime. 
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